We propose and experimentally demonstrate a hybrid grating, in which an excessively tilted fiber grating (Ex-TFG) and a fiber Bragg grating (FBG) were co-inscribed in a reduced-diameter fiber (RDF). The hybrid grating showed strong resonances due to coupling among core mode and a set of polarization-dependent cladding modes. This coupling showed enhanced evanescent fields by the reduced cladding size, thus allowing stronger interaction with the surrounding medium. Moreover, the FBG's Bragg resonance confined by the thick cladding was exempt from the change of the surrounding medium's refractive index (RI), and then the FBG can work as a temperature compensator. As a result, the Ex-TFG in RDF promised a highly sensitive RI measurement, with a sensitivity up to~1224 nm/RIU near the RI of 1.38. Through simultaneous measurement of temperature and RI, the temperature dependence of water's RI is then determined. Therefore, the proposed hybrid grating with a spectrum of multi-peaks embedded with a sharp Bragg resonance is a promising alternative for the simultaneous measurement of multi-parameters for many RI-based sensing applications.
Introduction
Refractive index (RI) measurement has an enormously broad range of applications, from biochemical industry to environmental monitoring and life science, where the sensing of many parameters can be converted to the RI measurement [1] . Compared with Abbe refractometers based on Snell's law and measurement of the critical angle of total reflection, optical fiber-based RI sensors have many unique advantages, for example their compact size, remote and distributed interrogation, and high sensitivity. A number of attempts employing fiber gratings and interferometers have been made to improve the RI sensitivity for many RI-based sensing applications [2] [3] [4] [5] [6] [7] [8] [9] . Among these, long-period gratings (LPGs) and tilted fiber Bragg gratings (TFBGs) with abundant cladding mode resonances have demonstrated excellent performance in highly sensitive RI measurement by using several distinct demodulation techniques [10] [11] [12] [13] [14] . In order to further enhance the sensitivity and enlarge the sensing range, a few important approaches have been employed, i.e., increasing the tilted angle, reducing core or cladding's size, and coating functional materials onto the TFBGs. For instance, increasing the tilted angle and reducing the fiber diameter can shift the TFBG's cladding mode towards a shorter wavelength and enhance the evanescent field for a larger RI measurement range and higher Figure 1a depicts a schematic diagram of the proposed hybrid grating structure, containing an Ex-TFG and an FBG. It is well known that in a standard FBG, the only strong coupling permitted occurs between the forward-and backward-propagating core modes, for which the light is confined to near the fiber axis and is isolated from the surroundings by the relative thick cladding [36] . However, for the Ex-TFG with largely tilted fringes, the forward-propagating core mode was coupled into forward-propagating cladding modes according to the phase-match condition [37, 38] . Hence, a Bragg resonance was embedded in a series of cladding mode resonances at discrete wavelengths, so that each cladding mode resonance had two orthogonal TE and TM polarization states. The Bragg wavelength λ B of the FBG and the resonant wavelength λ m i,clad of the mth cladding for the Ex-TFG, are determined by the phase-match condition and can be expressed as follows
where, i represents TE or TM modes, n eff,core and n m i,eff,clad are the effective indices of the core mode and the mth cladding mode, respectively, Λ B and Λ G are the grating period of the FBG and nominal period of the Ex-TFG, respectively, and θ is the tilt angle. The resonant wavelengths of the TE and TM cladding modes of Ex-TFG with the same order could have separation depending on the difference of their effective indices. From Equations (1) and (2), the resonant wavelength λ m i,clad of the Ex-TFG is affected by the surrounding medium's RI. However, any changes of temperature and strain to the hybrid grating will produce shift in both λ B and λ m i,clad In the device fabrication, the B/Ge co-doped silica RDF with 6.8/80 µm core and cladding diameters was initially hydrogen loaded at 80 • C and 150 bar pressure for 48 h to enhance its photosensitivity. An FBG was fabricated in a hydrogenated RDF by scanning a phase-mask with a period of 1064 nm using a frequency doubled continuous wave argon-ion laser. By switching to an amplitude-mask and rotating it by an angle with respect to the fiber axis, the Ex-TFG was then inscribed on top of the FBG. The hybrid grating with the FBG and Ex-TFG was annealed at 80 • C for 48 h to release the residual hydrogen and stabilize the grating structure [33] . The lengths of FBG and Ex-TFG are L FBG = 1 mm and L Ex-TFG = 5 mm, respectively. Inspected with a high-resolution microscope, the optical microscopic images shown in Figure 1b demonstrate that the periods of the FBG and Ex-TFG are 536 nm and 22.96 µm, respectively, and the tilted angle of Ex-TFG is around 80 • .
The spectrum and sensing performance of the hybrid grating were examined by the experimental setup shown in Figure 2 , which includes a supercontinuum (SuperK) light source, an in-fiber linear polarizer, polarization controller (PC), and an optical spectrum analyzer (OSA). Launched from the SuperK source, light was polarized and adjusted by the polarizer and the controller, respectively. The transmission spectrum was monitored by the OSA with a wavelength resolution of 0.02 nm. Figure 1c shows the full spectrum of the hybrid grating in the range of 1300-1680 nm, including a sharp Bragg resonance dip at the FBG and a set of cladding mode resonance dips at the Ex-TFG in two orthogonal polarization states. For a specific order of cladding mode such as the peak at around 1560 nm, the separation of dual-peak is approximately 9.50 nm, which is larger than that of the Ex-TFG in standard single-mode fiber (SMF) [35, 38] . Since the mode coupling of the FBG only occurs in the fiber core, and the light field is isolated from the surrounding by a relatively thick cladding, it is insensitive to surrounding RI. As a result, the Bragg resonance gives a reference of the variation of TFG cladding mode resonances with the change of environmental parameters. λ .
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Sensing Performance Tests and Discussions

Temperature Response
To examine the temperature response, the hybrid grating was placed in a temperature-controllable chamber with a calibrated temperature probe. As the temperature increased, the grating period and RI modulation changed due to thermal expansion and thermal-optic effects, resulting in a shift in the wavelengths of Bragg resonance and cladding mode resonances. The hybrid grating was heated from 25-80 • C, and its spectrum was recorded with a step of 5 • C. The results are shown in Figure 3a . Clearly, the spectrum showed a global red-shift with the temperature increasing. In a detailed examination, we selected the cladding mode with resonance wavelength at 1561.4 nm and the Bragg resonance to investigate the temperature response, as shown in Figure 3b 
Refractive Index Response
We examined the RI response using the experimental setup as described in [35] . The polarized light was coupled into the hybrid grating via the polarizer and the polarization controller, and the transmission signal was monitored and recorded by the OSA. A series of RI matching liquids (from Cargille Labs) ranging from 1.300-1.400 with an interval of 0.01 (with a maximum error of 0.0002 standardized at 589.3 nm and 25 °C) were used to test the device. The measured spectra of the hybrid grating for various RIs are depicted in Figure 4a . A significant red-shift in the cladding mode resonance and an increase in the coupling intensity was observed, especially in the shorter wavelength region. That is because the surrounding medium's RI modulates the effective index and coupling coefficient of the cladding mode. Table 1 . The sensitivity of the proposed sensor was much higher than that of most grating-based refractometers. For instance, the sensitivity of an LPG with a small period was around 312.5 nm/RIU [8] and can be enhanced to 1005 nm/RIU by inscribing the LPG in a hollow eccentric fiber [9] . The TFBGs with a 
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Temperature Dependence of Refractive Index of Water
It is well known that the RI of transparent liquids and solids are functions of temperature. Taking a direct determination of the temperature dependence of water's RI as an example, the ability of simultaneous measurement of the RI and temperature may be verified by using the hybrid grating in an RDF. Based on the water-bath method, the hybrid grating was immersed in the distilled and deionized water, and the temperature was controlled with a heater and monitored with a thermometer. When the water was heated, there were two effects occurring, including the thermo-optic and thermal expansion effects of the hybrid grating itself, and the RI change of the water. Figure 5a shows the experiment results. The Bragg resonance had the same temperature response coefficient as that of air because it was not affected by the surrounding RI change. However, it is worth noting that the resonant wavelength of the cladding mode did not monotonically shift with the increase in temperature. We can employ the temperature calibration relationship of Bragg and cladding mode resonances to eliminate the inherent thermo-optic and thermal expansion effects of the grating induced by the temperature change. The result is shown in Figure 5b . It can be seen that the wavelength shift of the cladding mode after calibration was much larger than that before calibration. So, with the temperature rising from 25-80 • C, the wavelength shift above 2.5 nm was caused by the dominated negative dn/dT of water, showing a monotonic change. In view of the above results, the contributions of the hybrid structure composed of two gratings in RDF are as follows: a) The sharp Bragg resonance of the FBG produced a stable temperature response that was exempt from surrounding RI change; b) The Ex-TFG provided an accessible evanescent field to enhance the interaction between light and the surrounding medium; and c) The use of RDF can help to enhance this effect and then the RI sensitivity. Meanwhile, although the temperature dependence of water RI as an example was investigated, to demonstrate simultaneous sensing performance of dual-parameter, the actual applications could be extended to the dynamic and static high-sensitivity measurement of RI and temperature. And also, the measurement accuracy could be further improved by using a set of standard RIs of to-be-measured liquid to strictly precalibrate the spectra of the hybrid grating at different RIs and temperature.
Conclusions
We have implemented a hybrid grating with an FBG and Ex-TFG in a special fiber with a small diameter to achieve the temperature-calibrated high-sensitivity RI sensing. The hybrid grating in the RDF promised the strong core-to-core and core-to-cladding mode coupling. It showed a high RI sensitivity with its enhanced evanescent field for interacting with the surrounding medium, and was also capable of measuring RI at different temperatures. The device demonstrated an RI sensitivity up to ~1224 nm/RIU at the RI of 1.38 and the thermal sensitivities of 9.68 pm/°C and 39.65 pm/°C for its Bragg and cladding mode resonances, respectively. By exploiting the RI-insensitive property of Bragg resonance, the temperature and RI were be monitored simultaneously, and the measurement of RI of water was calibrated at different temperatures. Therefore, the proposed hybrid grating in RDF with a compact and integrated structure provides a new approach to enhancement of the RI sensitivity and simultaneous measurement of multi-parameter for many RI-based sensing applications. As mentioned before, each wavelength of the cladding mode corresponds to a specific RI value of surrounding medium after the removal of inherent thermal effects of the grating. And then, we can calculate the corresponding RI values at each temperature by the calibration results plotted in Figure 4b . The obtained RI decreased nonlinearly with increasing temperature, and the fitting curve shows a nonlinear RI change of water in the temperature range of 25 • C~80 • C, which is very similar to the relationships from the previous reports [42] [43] [44] . The exponential relationship of water RI versus temperature in Celsius was n = −0.00233·exp(T/42.74454) + 1.33755, with the R-square of 0.99945.
In view of the above results, the contributions of the hybrid structure composed of two gratings in RDF are as follows: a) The sharp Bragg resonance of the FBG produced a stable temperature response that was exempt from surrounding RI change; b) The Ex-TFG provided an accessible evanescent field to enhance the interaction between light and the surrounding medium; and c) The use of RDF can help to enhance this effect and then the RI sensitivity. Meanwhile, although the temperature dependence of water RI as an example was investigated, to demonstrate simultaneous sensing performance of dual-parameter, the actual applications could be extended to the dynamic and static high-sensitivity measurement of RI and temperature. And also, the measurement accuracy could be further improved by using a set of standard RIs of to-be-measured liquid to strictly pre-calibrate the spectra of the hybrid grating at different RIs and temperature.
We have implemented a hybrid grating with an FBG and Ex-TFG in a special fiber with a small diameter to achieve the temperature-calibrated high-sensitivity RI sensing. The hybrid grating in the RDF promised the strong core-to-core and core-to-cladding mode coupling. It showed a high RI sensitivity with its enhanced evanescent field for interacting with the surrounding medium, and was also capable of measuring RI at different temperatures. The device demonstrated an RI sensitivity up to~1224 nm/RIU at the RI of 1.38 and the thermal sensitivities of 9.68 pm/ • C and 39.65 pm/ • C for its Bragg and cladding mode resonances, respectively. By exploiting the RI-insensitive property of Bragg resonance, the temperature and RI were be monitored simultaneously, and the measurement of RI of water was calibrated at different temperatures. Therefore, the proposed hybrid grating in RDF with a compact and integrated structure provides a new approach to enhancement of the RI sensitivity and simultaneous measurement of multi-parameter for many RI-based sensing applications. 
